Highly monodisperse polystyrene/poly(N-isopropylmethacrylamide) (PS-PNIPMAM) core-shell composite microgels were synthesized and further nanoengineered in either ellipsoidal, faceted or bowl-shaped particles. Beside their anisotropy in shape, the microgel design enables an exquisite control of the particle conformation, size and interactions from swollen and hydrophilic to collapsed and hydrophobic using temperature as an external control variable. The post-processing procedures and the characterization of the different particles are first presented. Their potential as model systems for the investigation of the effects of anisotropic shape and interactions on the phase behavior is further demonstrated. Finally, the self-assembly of bowl-shaped composite microgel particles is discussed, where the temperature and an external AC electric field are employed to control the interactions from repulsive to attractive and from soft repulsive to dipolar, respectively.
Introduction
Anisotropic colloids have recently attracted a growing interest in the soft matter community. 1, 2 Their phase behavior and self-assembly have been investigated theoretically and experimentally for rod-like, 2-5 ellipsoidal, [6] [7] [8] [9] [10] [11] [12] dumbbellshaped, [13] [14] [15] [16] bowl-shaped, [17] [18] [19] [20] [21] cubic, 9, 22 and polyhedral particles. 23, 24 However, despite an increasing amount of approaches for synthesizing well-defined non-spherical colloids with a large spectrum of particle shapes in the last decade, attempts to synthesize responsive anisotropic particles are still sparse.
Microgel particles have received considerable attention over the years due to their tunable and responsive nature. 25 In particular crosslinked poly(N-isopropylacrylamide) (PNI-PAM) microgels have been established as a versatile model system where the overall size, softness and hydrophobicity of the resulting particles can be controlled through a temperatureinduced volume phase transition. Thus, their conformation, size, effective volume fraction and interaction potential can be externally controlled and easily adjusted from repulsive to attractive. [26] [27] [28] [29] They exhibit a rich phase behavior 26 and have proven to be ideal building blocks for complex selfassembly. [30] [31] [32] Stimuli-responsive microgels have found a broad range of potential applications, such as switchable stabilizers for emulsions at oil/water interfaces [33] [34] [35] [36] [37] [38] and lipid membranes 39 , and also as cell substrates 40 where the detachment of adsorbed cells can be controlled with the temperature.
So far, anisotropic hybrid microgels have been prepared by using anisotropic particles as seeds for the later synthesis of a thermoresponsive shell. Viruses, 41 Janus dumbbells, 42 or hematite and maghemite spindles [43] [44] [45] are some of the templates reported in the literature. Recently we have shown that polystyrene-poly(Nisopropylmethacrylamide) (PS-PNIPMAM) composite microgels can be processed into ellipsoidal particles with adjustable aspect ratios, which greatly enlarges the scope of such particles as it combines an anisotropic design and the functionality of the shell. 46, 47 At the same time, the design of non-spherical colloids makes them interesting candidates for self-assembly processes. Ideally, the key requirement towards complex assembled structures with desirable properties implies accurate engineering of colloidal particles. In order to qualify as suitable building blocks with anisotropy in shape and interactions, they need to be highly monodisperse in size and highly uniform in anisotropy. This was demonstrated in our recent study on the dipolar self-assembly of ellipsoidal shaped composite microgels in an alternating field, where for certain aspect ratios the particles were found to self-assemble in well-defined tubular structures. 47 Here, we now report that core-shell composite microgels consisting of a PS core and a crosslinked PNIPMAM shell can be nanoengineered into various shapes such as ellipsoidal, faceted and bowl-like. The colloidal particles were prepared by different methods where the initial spherical core-shell microgels were post-processed and reshaped by extending different procedures usually applied to post-process either spherical polystyrene (PS) or poly(methylmethacrylate) (PMMA) Ellipsoidal particles prepared through uniform deformation of spherical core-shell microgels that were embedded in PVA films. By this technique a variety of ellipsoid particles are accessible by controlling the deformation ratio. (B) Faceted particles prepared by a temperature-controlled swelling/deswelling of the seed particles in presence of dodecane droplets in a water/methanol mixture. (C) Bowl-shaped particles formed by swelling the seed particles with a styrene monomer that are then frozen in liquid nitrogen in order to drive a void formation. Subsequently, the swelling agent was removed by evaporation allowing macroscopic deformation of the particles and the formation of an aperture.
particles. [48] [49] [50] [51] A schematic diagram summarizing the different procedures employed is displayed in Figure 1 . The spherical composite microgels were post-processed by either uniaxial mechanical deformation (Figure 1 A) , by inducing a localized temperature-controlled phase separation within the PS core swollen by dodecane in a methanol-water mixture (Figure  1 B ) or by chemical deformation involving a series of consecutive phase transformations where we use a suitable solvent to swell the core, freeze it in liquid nitrogen and control its extraction at ambient pressure and sub-zero temperature (Figure 1 C). The reshaping of the microgel particles was confirmed by various techniques, and its effect on their packing properties at high volume fractions was investigated. The thermoresponsiveness of the engineered particles is maintained as revealed by their swelling behavior measured by dynamic light scattering (DLS). The dimensions and therefore the effective volume fraction φ e f f of the dispersed particles can be finely adjusted with T as demonstrated for a dense bowl-shaped dispersion. In addition, the overall nature of their interaction potential can be set from repulsive to attractive by varying the temperature and ionic strength. This is illustrated with the thermo-reversible coagulation of the particles at high ionic strength above their volume phase transition temperature (T V PT ). Finally, directed self-assembly of the bowl-shaped particles subjected to an alternating electric field is discussed and highlights the potential of the use of an induced dipolar interaction as an additional control parameter in complex selfassembly processes with anisotropic particles. 
Methods

Materials
Transmission electron microscopy (TEM)
TEM micrographs were obtained on a Philips CM100-Biotwin microscope operating at 80 kV. All samples were prepared by placing 4 µL droplets of the 1 wt% dispersions onto the 300 mesh carbon-coated copper grids at room temperature. After a few seconds the excess solution was removed by blotting with filter paper.
Scanning force microscopy (SFM)
SFM experiments were performed using a Dimension 3100M microscope (Veeco Instruments) equipped with a Nanoscope software operated in tapping mode at room temperature in air. The samples were prepared by spin-coating at 2 000 rpm, the 0.1 wt% dispersions onto freshly cleaned silicon wafers. The spring constant of the silicon cantilevers was in the range of 35-92 N.m −1 . Scan rates between 0.5-1.0 Hz were used.
Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) images of gold sputtered samples were recorded with a FEI Phenom desktop SEM. A drop of the colloidal microgel solution (0.1 wt%) was deposited and dried on the SEM stubs prior the gold sputtered to minimize charging under the fixed conditions before examination.
Confocal laser scanning microscopy (CLSM)
The confocal micrographs were monitored on a Leica SP5 confocal laser-scanning microscope (CLSM) operated in the inverted mode (D6000I), using a 100x /1.4 NA immersion objective. The samples were monitored in situ at different temperatures and an environmental system was employed to ensure the temperature control with an accuracy of 0.2 • C. The suspensions (8 µL) were hermetically sealed between two cover glasses separated by a 120 µm spacer with a 51 mm aperture (SecureSeal Imaging). A 543 nm HeNe laser was used to excite the red fluorescence of Rhodamine B (543 nm).
Two different electrode geometries were used for the experiments with an AC electric field. In the first case, the samples were contained between a non-conductive cover slide and a cover slide coated with indium tin oxide (ITO) (SPI Supplies, Structure Probe Inc., USA; 30-60 Ω, 18 x 18 mm 2 ) where a 1000 µm sample gap was etched out, which ensures a homogeneous field within the gap where CLSM experiments were performed. Conductive tapes were then used to connect the ITO-coated cover slips to the electrodes of the power supply. A sinusoidal electric field (160 V, 160 kHz) was applied parallel to the interface, along the xy-direction parallel to the image plane, and all the observations were made in the xy-image plane. In the second setup the microgel suspension was contained between the two conductive sides of ITO-coated microscope cover slips. An AC field of 20 V operating at a frequency of 160 kHz was applied to the glass sandwich, normal to the plane. This results in a spatially uniform electric field in the gap between the electrodes. In the current study, we worked at a constant temperature of 20 • C. 3D reconstructions of the string-like aggregates were realized using the program ImageSurfer. 52
Dynamic light scattering (DLS)
DLS experiments were carried out using a light scattering goniometer instrument from LS Instruments equipped with a He-Ne laser (λ = 632.8 nm). The temperature was controlled with an accuracy of 0.1 • C. The samples were highly diluted to 0.01 wt%, thus preventing interaction effects and multiple 
Results and discussion
Spherical core-shell microgels
The first step towards the design of anisotropic responsive colloids involves the synthesis of the PS-PNIPMAM core-shell particles via a two-step reaction. The core particles were obtained by emulsion polymerization and further used in a second step as seeds for the radical polymerization of the crosslinked shells (details of the synthesis can be found in ref. 46 ). The shell can be fluorescently labeled either by adsorption of the water soluble rhodamine B dye, 46 or by adding a small amount of the polymerizable rhodamine dye during the synthesis of the shell. 47 The initial characterization of the non-fluorescent particles was carried out by TEM, SEM and SFM as shown in Figure 2 , which illustrate their sphericity and monodispersity. TEM of the microgels confirms the coreshell structure, where the presence of the shell is indicated by the film formation of close packed particles. In addition, TEM reveals an increase of the radius from 267 ± 20 nm to 346 ± 20 nm after the shell synthesis. Here, we can assume that these values correspond to a completely collapsed state of the microgels as a result of the drying process required for the TEM sample preparation. Both systems are monodisperse with an average polydispersity below 8% for the core and 6% for the core-shell microgel. The core-shell structure is also visible in the two-dimensional (2D) CLSM image as depicted in Figure 2 D of a concentrated (22 wt%) dispersion after labelling the shell through the adsorption of the water soluble rhodamine B dye. The particles were imaged in the xy-plane at the interface between the cover glass/liquid. As all particles are located in the same image plane, the core-shell character can be easily evidenced in the form of a dark core with a swollen fluorescent corona. Moreover, the local ordering into an hexagonal close packing can be also observed. The average particle radius R ≈ 470 nm was determined from the half distance between the centers of the particles in the crystalline area, in good agreement with the value for the average hydrodynamic radius R H = 479 nm obtained from DLS (see Figure  7 ).
Ellipsoidal core-shell microgels
Ellipsoidal particles can be obtained following the approach described by Keville et al. 48 for poly(methyl methacrylate) particles and further extended to polystyrene particles by Ho et al.. 49 Particles are embedded into a high molecular weight PVA film and then heated above the glass transition temperature, T g , of the polystyrene core. After the uniaxial stretching of the films, the particles adopt an ellipsoidal shape which they retain after cooling below T g . The reshaped particles can then be easily recovered after dissolution of the film. A large variety of complex and defined geometries can be accessed, if one applies a multi-directional stretching of the film and different thermal pathways as shown by Champion et al.. 53 These polymeric prolates were previously investigated extensively in several studies with respect to their dynamics in bulk 54, 55 and at an interface, 56 their organization in an electric field 47, 57, 58 and at high volume fractions, 7,10 and their application as pickering agents. 59 We have recently shown that this method can be extended to composite core-shell microgels, where the stretching conditions determine the aspect ratio of the core, while the overall aspect ratio can be further tuned through the thermoresponsive shell. 46 Following the procedure described in our former study, 46 the core-shell particles are embedded into a 100 000 g·mol −1 PVA film. The films are maintained in an oven at a temperature of 180 • C, higher than the T g of both polymers, for a few min and then stretched at different draw ratios. After cooling down to room temperatures, the particles can then be recovered by dissolution of the films in hot water and purified by repeated centrifugation. This allows us to tune the aspect ratio up to factor of about 6.5 for a draw ratio reaching 225%. Figure 3 shows as an example the resulting particles obtained for a draw ratio of 75%.
The thus obtained ellipsoids maintain their temperature responsiveness as illustrated in Figure 7 . For the sample shown in Figure 3 , the average long (L) and short (d) axis were determined from a TEM analysis of more than 100 particles. Values of L = 1672 ± 258 nm and d = 472 ± 57 nm, respectively, were found, resulting in an average aspect ratio of 3.62 ± 0.86. The larger polydispersity of the ellipsoids when compared to the initial core-shell spheres is primarily due to the imperfect control of the mechanical stretching process in the oven. An improved procedure that uses a better regulated stretching device where the film is homogeneously heated in a silicon oil bath has allowed us to significantly decrease the polydispersity of the particles. 47 The average dimensions obtained from statistical CLSM image analysis of the particles adsorbed at the glass/water interface at 20 • C are L = 1839 ± 208 nm and d = 668 ± 68 nm, which results in an average axial ratio of 2.79 ± 0.475. The difference between the TEM and the CLSM results is caused by the fact that the TEM measurement provides dimensions for a fully collapsed state of the shell, whereas CLSM yields the values in suspension, i.e. with a fully swollen PNIPAM shell. This indicates that the responsive nature of the shell allows us to change not only the overall size but also the shape (axial ratio) in a controlled and completely reversible manner.
Faceted core-shell microgels
Facetted particles are another interesting class of anisotropic colloids. Here we start from the previously reported method to engineer dimple PS latices from simple spherical particles by taking advantage of the spinodal decomposition between the polystyrene and dodecane in water-methanol mixtures. 50 The polystyrene and dodecane become miscible at high temperatures where the dodecane swells the polystyrene. When the dispersion is cooled down, the two components phase separate and the dodecane is expelled from the particles in the form of a droplet creating a dimple at the PS/dodecane interface (determined by the minimization of the interfacial free energy). By controlling the stirring rates and the initial solvent composition, the dimple size could be controlled and therefore the shape of the resulting particles could be tuned from slightly truncated spheres up to hemispheres. The same procedure was further applied to create PS particles where the facets were specifically functionalized to direct the spontaneous association of the particles into dumbbells or trimers through hydrophobic interactions. 60 . We subsequently adapted the procedure reported by Tanaka et al. 50 to core-shell composite microgels. In a typical preparation, a 0.6 mL microgel suspension (2.42 wt%) was heated under stirring at 400 rpm to 70 • C (1 h) in a water-methanol mixture (16/84), and in the presence of 0.1 g dodecane. The phase separation between the polystyrene and the dodecane is induced by slowly cooling down the mixture up to 25 o C at a rate of about 1 o C/min under continuous stirring at 400 rpm for 1h. The suspension was then purified by repeated centrifugation (3 times at 10 000 rpm) and redispersed in water. Figure 4 illustrates the resulting multi-faceted particles. Another interesting aspect, visible from the different microscopy techniques in the dried state, is the presence of sharp edges at the surface of the particles (see Figure 4 A-C). The formation of well defined facets can be attributed to local confinement effects at the core-shell interface during the spinodal decomposition. As former studies demonstrated, 61 the microgel shell is not fully attached to the polystyrene core but rather exhibits some buckling at the core-shell interface, and is expected to be at the origin of the resulting morphology. The processed particles were also imaged in dispersion using CLSM at 20 • C as displayed in Figure 4 D. The swollen shell can be clearly distinguished from the CLSM images, and the particles still appear faceted but with much smoother edges than in the dried state. Thus, the extension of this approach to core-shell particles enlarges the field of accessible morphologies for microgels. Moreover, similarly to the ellipsoidal particles, where the degree of anisotropy can be altered with the temperature, we expect to be able to control the roundness (cf angularity) of the particles, and thus their aelotropic interaction potential by changing the conformation of the microgel shell.
Bowl-shaped core-shell microgels
The fabrication of hollow or bowl-shaped PS or PMMA particles with controllable holes in their surfaces has been reported by Im et al.. 51 The particles were first swollen with a good solvent (either styrene or toluene), and then quickly frozen in liquid nitrogen (-196 • C). As the solvent (toluene or styrene) is solidified, a void is created at the center of the particles. In the next step, the frozen sample is slowly warmed up to let the swollen agent evaporate. The evaporation process was carried out below 0 • C under a vacuum or at ambient pressure. Due to the presence of an evaporation flux, a hole appears in the shell of each hollow particle. By controlling the evaporation conditions (pressure and temperature), these authors have demonstrated that the size of the void and aperture can be finely adjusted. We refer to this work for more details on the transformation mechanism. Interestingly, the existence of an aperture at the surface of the particles could be employed to encapsulate functional species such as proteins or magnetic nanoparticles.
Here, a similar approach is applied to the spherical core- shell microgel particles. In the first step, purified styrene (0.2 mL) was used as a swelling agent and added to 4 mL 1.2 wt% core-shell latex dispersion in MilliQ water. The mixture was then homogenized for 1 h under continueous stirring at 300 rpm. Next, the dispersion was added dropwise into a 2 L beaker filled with liquid nitrogen. After the addition of particles, the suspension was kept in the freezer (-10 • C) for 48 h. In the last step, the frozen sample was brought back to room temperature and maintained here until the drops become liquid again. Subsequently, we added 10 mL of water to fully recover the system. The final product was then purified by repeated centrifugation and washed with deionized water several times. Figure 5 shows typical examples of the prepared bowlshaped core-shell microgels by TEM, SEM and CLSM imaging. The TEM analysis (see Figure 5 A, B) confirms that all the particles are opened and rather monodisperse in size and shape. The transformation into bowl-shape is also visible from particles pointing perpendicularly to the image plan that exhibit a lighter area in their center, in contrast to the original spherical particles shown in Figure 1 A. Their bowlshaped character is also clearly visible from the SEM micrograph shown in Figure 5 C. An overall radius of 391 ± 26 nm was derived from TEM, which is larger than the radius of the initial spherical particles. The average wall thickness of 134 ± 28 nm was also estimated from TEM by analyzing the particles pointing perpendicularly to the image plan, and an average aperture radius of 310 ± 35 nm was obtained from the SEM micrographs. The bowl-shaped microgels were imaged in dispersion by CLSM at the water/glass interface (see Figure 5 D, E). Here post-processed covalently labeled fluorescent particles were investigated. These particles have a similar shape as the unlabeled ones as confirmed by TEM and CLSM. CLSM images performed at 20 • C indicate that the fluorescent PNIPMAM shell is surrounding the entire PS core. The core-shell character is reflected by the presence of a dark area in the center of the particles. The statistical analysis of the CLSM micrographs yields an overall radius, R T = 497 ± 16 nm, which is larger than the one determined from TEM and demonstrates that the particles are swollen. In addition the bowl-shaped conformation is maintained in the swollen state, which is supported by the 3D reconstruction presented in Figure 5 E. This suggests that the particle geometry can be further adjusted with the temperature by controlling the swelling of the shell.
Effect of anisotropy on the packing of particles in dense suspensions
The different anisotropic particles described above were then used to investigate the effect of shape on the packing at maximum density. The samples were first centrifuged for 10 min at 10 000 rpm, then the supernatant was removed and the dispersions were sonicated for 30 min in an ice bath. Figure  6 shows CLSM micrographs taken at about 3 µm from the cover glass/water interface for the ellipsoidal (A), faceted (B) and bowl-shaped (C) particles after about 2 hours equilibration at 20 • C. Monodisperse ellipsoids with an aspect ratio of 2.79 are expected to first exhibit a nematic phase at intermediate volume fraction followed by a simple monoclinic phase at higher densities. 12, 62 Our ellipsoids, however, only exhibit a local nematic order, similarly to what could be observed from the SEM analysis of a dried dispersion (see Figure 3 C), which is probably due to the relatively high polydispersity of the particles and the possible existence of an intervening glass transition. 4, 63 The faceted particles densely pack by maximizing their contact to their neighbours through the alignment of their facets. It is interesting to note that the irregular faceting of the particles leads to the formation of larger voids (or defects) in the jammed dispersion. This observation is similar to the case of granular materials such as sand when the roundness of the grains decreases. This indicates that responsive anisotropic particles where both anisotropy or eccentricity and angularity can be tuned through a combination of initial processing conditions (stretching methods combined with subsequent transformations) and temperature response could be used as interesting model systems for studies of packing and jamming in granular materials. 64 Dense suspensions of bowl-shaped particles were found to locally stack, thus forming interconnected worm-like structures. This effect is similar to what has been observed in other experimental and simulation studies. 17 In these former experiments on hard and widely opened bowl-shaped particles, long stacks of particles were observed after slow sedimentation. At the simulation level, for sufficiently deep bowls a columnar phase is expected to be thermodynamically stable, whereas for less deep bowls a more complex phase diagram was predicted. In comparison, our bowl-shaped composite microgels exhibit weaker and more local order with a high density of junctions. We believe that this can be attributed to the particular particle shape with an aperture that is significantly less deep and with a rounded rim, the softness of the potential, and to the fact that the high density is achieved through a centrifugation procedure that may not allow the particles to establish equilibrium properly. We believe that the combination of a responsive shape and a soft potential will require additional theoretical and simulation work to establish the underlying phase behaviour.
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Exploring the thermosensitivity of the anisotropic-shaped composite microgels
In contrast to the previously reported PS or PMMA particles, the crosslinked PNIPMAM shell of our particles allows to actively change their softness, hydrophobicity and size with temperature. The thermoresponsive behavior of the anisotropic colloids was first investigated by DLS. Figure 7 displays the evolution of the apparent hydrodynamic radius R H . The DLS data reveals that the thermosensitivity of the spherical seed microgels is maintained when post-processing the particles. Figure 7 shows that as the temperature is increased, all reshaped colloidal particles exhibit a volume phase transition, VPT, and are well-dispersed. Above T V PT , the microgels undergo a collapse transition and their hydrophobicity is strongly altered. The VPT occurs at 42 • C for the spherical seed microgels, which shifts to a lower value of 38 • C for the ellipsoidal particles, and to a higher of 45 • C for the faceted particles. The bowled-shaped particles display the VPT around 42 • C, similar to the spherical seed particles. The shift of the VPT of the ellipsoidal particles to a lower temperature was attributed to the stretching process which may have reduced the swelling of the particles, similar to that observed in a conventional elastomeric network as discussed in a previous study. 46 The estimated swelling ratio defined as (R H (20 • C)/R H (50 • C)) 3 varied from 2.6 for the spherical seed core-shell particles to 1.6 (faceted), 2.3 (ellipsoidal) and 2.7 (bowled), respectively. The volume phase transition behavior of the particles is thermally reversible.
In the following the thermoresponsiveness of the nanoengineered composite microgels is further illustrated by looking at the structural properties of a dense bowl-shaped particle dispersion obtained by centrifugation in pure MilliQ water. The particles were visualized by CLSM, however, the turbidity of the concentrated sample arising from the refractive index mismatch only allows for a clear localization of the particles up to about 10 µm from the cover glass. Figures 8 (A, C, E, G, I) show typical micrographs of dispersions at different temperatures, recorded at a sample position after the first adsorbed layer. A particle number density n p ≈ 1.54µm −3 was estimated from the evaluation of three consecutive planes. Using an effective single particle volume of V p ≈ 0.7678.(4/3)πR 3 T µm 3 determined from the CLSM micrographs as described in the supplementary materials (see Fig. S2 ), we can estimate an effective volume fraction φ e f f = n p V p ≈ 0.61 at 20 • C.
The 2D pair correlation functions (2D − g(r)s) determined at different temperatures (Figure 8 (B, D, F, H, J) ) show that the particle positions are strongly correlated. At 20 • C the particles were found to exhibit significant liquid-like order with a local hexagonal arrangement. The amplitude of the first peak in the 2D − g(r) was g m = 3.02 and its position r m = 0.988 µm at 20 • C, which is comparable to the hydrodynamic diameter of the particles. Interestingly, the second peak exhibits some splitting similar to what can be observed for dense spherical microgel dispersions in a glassy state. 65, 66 An analysis of their center of mass positions with time shows that the system is indeed in a glassy state where the individual particles can only undergo local motion and where their trajectories are confined to cages formed by their neighbours. As shown in video S1 in the supporting information, the anisotropic particle shape allows us to visualise the rotation of the particles, and we see that individual particles are confined to their cages and maintain a given orientation for some time, but then stochastically flip their orientation.
The dispersion structure shown in Figure 8 A differs from the denser suspension in Figure 6 C, which showed small chains of stacked particles. This is confirmed by a more detailed analysis of the local particle arrangement that was performed for three consecutive stacks as shown in Figure 9 .
Here, we first analyse the center of mass positions and the packing density by considering spheres inscribing the individual particles. Figure 9 B illustrates the presence of a large number of overlaps between the circumscribing spheres. This indicates that individual bowl-shaped particles will experience restrictions on their orientation and provides a reason for the absence of continuous rotational motion. The orientation of individual particles is temporarily blocked due to packing constraints and can only change when a stochastic cage rearrangement allows for a flipping motion. However, a closer look at their projected orientation in the image plane defined by the vector normal to the aperture (Figure 9 C) shows that their orientation appears relatively random and no clear orientational correlation typical for stacked chains or liquid crystalline structures exists.
The 2D pair correlation functions determined at different temperatures (Figure 8 (B, D, F, H, J) ) directly reflect the temperature-responsive size and shape of the particles. The particles become smaller with increasing temperature ( Figure  7) , resulting in a decrease of g m to 1.86 and of r m to 0.890 µm at 45 • C. From 20 to 38 • C the dispersions were in a glassy state with an arrested center of mass diffusion where the particles were found to rattle within the cage formed by the other particles. However, at higher temperatures, as the particle size decreases, the local dynamics speeds up and the particles rotate more homogeneously. This demonstrates the potential use of the thermoresponsive composite microgels with a tuneable size and shape to explore the effects of shape anisotropy on the phase diagram and the related local dynamics. In particular the fact that we can monitor not only the position of the center of mass of the particles but also their orientation and rotational motion provides us with an interesting tool to look at various arrest scenarios where we can distinguish between glass formation and jamming, and determine the onset of orientational correlations. It is well-known that composite microgel particles can become attractive at higher temperatures if the electrostatic interactions are sufficiently screened. 28, 29, 45 Therefore, not only the size but also the interaction potential can be efficiently adjusted with temperature. This is shown for a bowl-shaped particle dispersion prepared at high ionic strength (0.16 wt%, 0.1 M KCl). Below 40 • C the suspension is stable, but a further increase of the temperature leads to the destabilisation of the suspension and to the formation of large branched aggregates. When the temperature is decreased back to below 40 • C the particles redisperse, confirming the reversibility of the process. The coagulation was monitored during the quenching of the suspension to 50 • C (see supporting information video S2). The particles were found to first form smaller linear aggregates which further interconnect to build up larger branched quickly sedimenting aggregates (see Figure 10 ). The particle orientation within the aggregates appears random (see Figure  10 ). It is interesting to note that at an ionic strength of 10 −3 M KCl the particles are stable over the full temperature range. A similar observation could be made with the other nanoengineered composite microgels, thus demonstrating that their interaction potential can be efficiently tuned from repulsive to attractive by properly adjusting both the ionic strength and the temperature.
Field-directed self-assembly
To further explore the use of the reshaped composite microgels as building blocks for supracolloidal structures, we investigate the field-assisted assembly of the bowl-shaped particles in an alternating (AC) electric field. Previous studies have shown that AC fields can be used to manipulate the assembly of Janus spheres 67, 68 and rods, 69 ellipsoidal, 57 spheroidal 70 and bowl polystyrene particles, 71 composite dumbbells, 72 and spherical PNIPAM ionic microgels, 73, 74 respectively. Recently, the AC field-induced self-assembly was investigated for spherical and ellipsoidal composite microgels, 47 and we therefore refer to this work for more details concerning the polarization mechanism. Figure 11 displays typical structures formed by bowlshaped composite microgels in a 1 wt% dispersion in the presence of an AC electric field at 20 • C. At the beginning of each experiment when the electric field is off, the bowl particles are randomly oriented in a fluid state. Dipolar chains form when the induced dipolar attraction between the particles is sufficiently strong to overcome the thermal energy k B T. The particles in a string have a preferred orientation where the director normal to the aperture is perpendicular to the applied field, and are able to rotate around the string axis (see supporting video S3 and Figure 11 A-B) . As the particles are not density matched, the strings were found to quickly sediment and concentrate at the bottom of the preparation were they formed a dense string fluid (see Figure 11 C and supporting information video S4 and S5). In this state, the particles maintain their ability to rotate and were found to self-organize in the image plane into well-ordered slightly distorted hexagonal arrays. This could be evidenced by the time-average Fourier transform analysis of the string fluid imaged in the xy-plan (see Figure 11 D). A more detailed analysis including the analysis of the corresponding 2D g(r)s is available in the supporting information.
The same experiment was repeated, this time with the electric field oriented normal to the imaging plane (along the z direction in the CLSM image-plane). Figure 11 E shows 2D snapshots from image planes (xy) perpendicular to the field direction, obtained at a field strength of 167 kV/m and a fre- quency of 160 kHz. Long strings formed that span the full gap between the two electrodes, thus preventing their sedimentation. After a few minutes, we observed a structural transition from a string fluid to a crystal with a body-centered tetragonal (BCT)-like structure, coexisting with tubular aggregates (see Figure 11 E). The ordered colloidal domains were reconstructed from confocal z-stack images (Figure 11 F-H and Video S6). To the best of our knowledge, 3D colloidal crystals or tubes have not previously been reported for fieldassisted assemblies of similar systems such as bowl particles or particles with spherical cavities. 19, 71 The assembly process is fully reversible, i.e., the colloidal dispersion relaxes to its initial fluid-like disordered state when the field is turned off and tubes and crystals reform when the AC electric field is re-applied. The swollen microgel shell is likely responsible for the fast redispersion process as it ensures the steric stabilization of the particles and exhibits much lower van der Waals interactions compared to polystyrene or silica parti-cles. It is interesting to note that the spherical particles were found to arrange in a BCT structure, whereas the more elongated ellipsoidal composite microgels at certain aspect ratios formed well-defined tubular structures as shown in our recent study. 47 As the bowl-shaped particles are slightly anisotropic , these first observations indicate that field-directed tubular selfassembly may not be limited to ellipsoids but could as well occur when more complex anisotropic colloids are polarized in an AC field.
Conclusion
This study has demonstrated that we can successfully extended post-processing methods developed for polystyrene or poly(methylmethacrylate) latices to responsive composite microgels. Stretching, faceting or opening up the originally spherical particles enables us to control the eccentricity, angularity and shape of the resulting particles. The fact that the 1-14 | 11 outer microgel shell retains its thermoresponsive nature after post-processing results in a number of highly promising features. Temperature can be used to external control and change the eccentricity, angularity and shape of the particles. Moreover, this also has consequences for the resulting interaction potential as temperature can be used to adjust the softness of the shell and induce an attraction above the volume phase transition temperature. This provides us with new opportunities to investigate the role of shape and interaction anisotropy on the phase diagram of complex colloids. Combined with an external field we have already seen that new self-assembly patterns emerge, and having a library of particles with tuneable size, shape and interaction potential will allow us to explore analogies between biological self-assembly processes and those present in complex synthetic colloids. Dynamical arrest in dense particle suspensions is another promising area where these particles provide new insight. In particular the bowl shaped particles where we can monitor not only the center of mass position and motion but also orientation and rotational motion offer exciting insight into local structure and dynamics. While microgels have already been used to explore different arrest scenarios such as glass formation and jamming, 75 bowl-shaped particles now further enlarge the scope for future studies to tuneable anisotropic particles that allow us to resolve orientational dynamics and thus directly determine the existence of a jamming transition.
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